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Abstract
Genetic predisposition and unhealthy lifestyle are risk factors for nonalco-
holic fatty liver disease (NAFLD). We investigated whether the genetic risk 
of NAFLD is modified by physical activity, muscular fitness, and/or adiposity. 
In up to 242,524 UK Biobank participants without excessive alcohol intake or 
known liver disease, we examined cross- sectional interactions and joint as-
sociations of physical activity, muscular fitness, body mass index (BMI), and 
a genetic risk score (GRS) with alanine aminotransferase (ALT) levels and 
the proxy definition for suspected NAFLD of ALT levels > 30 U/L in women 
and >40 U/L in men. Genetic predisposition to NAFLD was quantified using 
a GRS consisting of 68 loci known to be associated with chronically elevated 
ALT. Physical activity was assessed using accelerometry, and muscular fit-
ness was estimated by measuring handgrip strength. We found that increased 
physical activity and grip strength modestly attenuate genetic predisposition 
to elevation in ALT levels, whereas higher BMI markedly amplifies it (all p 
values < 0.001). Among those with normal weight and high level of physical 
activity, the odds of suspected NAFLD were 1.6- fold higher in those with high 

www.wileyonlinelibrary.com/journal/hep4
mailto:
https://orcid.org/0000-0002-6573-4959
https://orcid.org/0000-0003-3495-4681
http://creativecommons.org/licenses/by-nc-nd/4.0/
mailto:schnurr@stanford.edu


   | 1517HEPATOLOGY COMMUNICATIONS 

INTRODUCTION

Nonalcoholic fatty liver disease (NAFLD) is an ever- 
growing public health concern affecting one billion 
individuals worldwide.[1,2] NAFLD is characterized by 
excess accumulation of triglycerides in the liver (de-
fined as hepatic fat content >5%) not due to increased 
alcohol intake, medications, infections, autoimmune 
processes, or other etiologies of chronic liver disease.[1] 
Numerous studies have demonstrated a deleterious 
role of NAFLD in the development of some types of car-
diovascular disease,[3,4] type 2 diabetes,[2,5] end- stage 
liver disease, and hepatocellular carcinoma.[1]

Lifestyle modification for weight loss is the cor-
nerstone intervention in the treatment of NAFLD in 
the absence of approved pharmacologic agents.[6] 
Observational studies have shown an inverse associ-
ation among physical activity,[7– 9] grip strength (indica-
tor of muscular fitness), and NAFLD.[10– 12] Importantly, 
randomized controlled trials have shown the benefits 
of exercise to reduce liver fat.[13,14] However, the effects 
of physical activity, muscular fitness, and weight loss 
regimes on NAFLD risk may differ between individuals 
due to genetic variation. To understand this, it is import-
ant to elucidate the interactions between genetic pre-
disposition and lifestyle modifications such as physical 
activity, muscular fitness, and adiposity.

Previous studies have suggested that lifestyle fac-
tors, such as diet, alcohol and obesity, modify the 
association of genetic predisposition with cirrhosis 
and increased alanine aminotransferase (ALT) lev-
els.[15– 19] In these studies, genetic risk was estimated 
using single nucleotide polymorphisms (SNPs)[15] or a 
calculated genetic risk score (GRS) based on a small 
number of genetic loci.[16– 18] However, these studies did 
not strictly exclude individuals with excessive alcohol 
consumption, and therefore did not specifically study 
NAFLD.[16,17] Recently, a large multi- ancestry genome- 
wide association study (GWAS) in the Million Veteran 
Program used a validated noninvasive proxy pheno-
type for NAFLD based on chronic elevation of liver en-
zyme ALT and by excluding other known causes of liver 
disease or significant alcohol use.[20,21] This study iden-
tified 77 genetic loci associated with NAFLD (includ-
ing 68 loci not known to be associated with adiposity), 

and thus facilitated the development of a larger NAFLD 
GRS to estimate overall genetic risk for NAFLD.

Here we examined the interactions between genetic 
risk (using a 68- SNP GRS that excludes known loci 
associated with adiposity), lifestyle factors (defined as 
objectively assessed physical activity and muscular fit-
ness), or adiposity, with ALT levels. We also examined 
the joint associations of genetic risk, lifestyle factors, 
and obesity with suspected NAFLD defined as ALT lev-
els >30 U/L in women and >40 U/L in men. We applied 
a cross- sectional study design and performed analy-
ses on up to 242,524 participants from the UK Biobank 
after excluding individuals with excessive alcohol con-
sumption above recommended weekly limits[22] and 
known liver disease.

PARTICIPANTS AND METHODS

Study population

The UK Biobank is a cohort of over 500,000 adults that 
has tracked health behaviors, anthropometric meas-
urements, medical history, and biological samples 
longitudinally since their enrollment in 2006– 2010. We 
used UK Biobank baseline data and Hospital Episode 
Statistics (HES) data linked by unique identifiers. HES 
contains inpatient records from the National Health 
Service, a health care system that covers most of 
the UK population. As outlined in Figure S1, we ex-
cluded individuals who withdrew consent (n = 167) 
and those who reported excessive alcohol consump-
tion (n = 128,477). Excessive alcohol consumption was 
defined as weekly alcohol consumption of ≥ 140 g for 
women and ≥ 210 g for men based on clinical practice 
guidelines for the management of NAFLD by the joint 
European Associations for the Study of Liver, Diabetes, 
and Obesity.[22] In addition, we excluded those with 
other known liver diseases, alcohol use disorder, and 
human immunodeficiency virus infection based on 
International Classification of Diseases, Ninth Revision 
(ICD- 9) and Tenth Revision (ICD- 10) codes (n = 3022; 
Table S1). Furthermore, we excluded individuals with 
short- term poor prognosis, including diagnosis of met-
astatic cancer within 1 year of the baseline visit and 

versus low genetic risk (reference group). In those with high genetic risk, the 
odds of suspected NAFLD were 12- fold higher in obese participants with low 
physical activity versus those with normal weight and high physical activ-
ity (odds ratio for NAFLD = 19.2 and 1.6, respectively, vs. reference group). 
Conclusion: In individuals with high genetic predisposition for NAFLD, main-
taining a normal body weight and increased physical activity may reduce the 
risk of NAFLD.
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palliative care or hospice status based on ICD- 9 and 
ICD- 10 codes (n = 4497; Table S1). After additional ex-
clusion of individuals with missing genotype informa-
tion, non- White British ancestry, and sex mismatch, 
242,524 individuals remained (Figure S1). The UK 
Biobank study was approved by the North West Multi- 
Center Research Ethics Committee, and all partici-
pants provided written informed consent to participate. 
All data assessment was performed in accordance with 
relevant guidelines and regulations. The UK Biobank 
study protocol is available online.[23] The presented 
analyses were conducted as part of UK Biobank study 
application 13721.

ALT and suspected NAFLD

Our primary outcome of interest was continuous ALT, 
which can discriminate between patients with and with-
out steatosis, as measured by liver H– magnetic reso-
nance spectroscopy[24] and is comparable with other 
well- known surrogate measures of NAFLD, such as the 
fatty liver index and the hepatic steatosis index.[24] We 
also examined ALT as a dichotomous variable and de-
fined suspected NAFLD as elevated ALT > 30 U/L for 
women and >40 U/L for men, based on the upper limit of 
normal values used in previous studies.[20,25]

Genetic risk score construction

Genotyping and genotype quality control procedures 
for participants in the UK Biobank have previously been 
described.[26] To create the GRS, we selected SNPs 
from the largest (external from the UK Biobank) and 
recently published trans- ancestry GWAS of NAFLD in 
the Million Veteran Program, including 90,408 NAFLD 
cases and 128,187 controls.[21] Overall, 77 SNPs 
reached the genome- wide significance threshold (p < 
5 × 10−8) in the GWAS discovery study, and a GRS 
of these 77 SNPs was predictive of NAFLD in 7397 
liver biopsy– based histologically characterized NAFLD 
cases and 56,785 population controls from various 
clinical studies (p = 3.7 × 10−28).[21] This supports the 
clinical relevance of a GRS based on SNPs derived 
from the proxy NAFLD phenotype based on elevated 
ALT levels.[21] Of these 77 SNPs, we included 73 loci 
with minor allele frequency >1% and good imputation 
quality (INFO > 0.7) in UK Biobank. We excluded five 
additional genetic variants that were in strong linkage 
disequilibrium (r² > 0.8 in the 1000 Genomes European 
panel) with a body mass index (BMI)– associated locus 
in a large published GWAS study for BMI.[27] Using 
the remaining 68 loci, we calculated the 68- SNP GRS 
(hereafter referred to as “GRS” unless specified differ-
ently) as the weighted sum of the risk alleles by using 
effect sizes from the reference GWAS as weights.[21] Of 

these 68 loci, 15 loci were externally validated to asso-
ciate with histologically or imaging- defined NAFLD[21]; 
therefore, we also created a 15- SNP GRS to test 
whether this smaller GRS (restricted to externally vali-
dated SNPs) replicates the results of the larger 68- SNP 
GRS. The 15- SNP GRS was correlated with the 68- 
SNP GRS (Pearson’s product moment correlation rho 
= 0.74; p < 2 × 10−16; Figure S2). Information on the 
SNPs included in the 68- SNP GRS and the 15- SNP 
GRS, the risk alleles, risk- allele frequencies, imputa-
tion INFO scores, and respective effect sizes that were 
used as weights for the calculation of both GRSs are 
presented in Table S2. The GRS was stratified into low 
(quintile 1), intermediate (quintiles 2– 4), and high risk 
(quintile 5).

Assessment of physical activity

Physical activity was measured objectively by an Axivity 
AX3 wrist- worn triaxial accelerometer. The device was 
used to measure physical activity intensity every 5 s 
over 7 days as previously described.[28] By necessity 
due to study logistics, participants wore the monitor 
sometime after the baseline visit.[28] Exercise behav-
ior is moderately to highly stable across the life span, 
particularly in adulthood[29]; hence, we assumed that 
the different timepoints for ALT and physical activity as-
sessment should not influence our results. The expert 
working group calibrated data, removed gravity and 
sensor noise, identified wear/nonwear periods, imputed 
nonwear time, and finally calculated overall physical 
activity by averaging the vector magnitude of worn and 
imputed values of acceleration recorded in milligravity 
(mg) units.[28] We stratified individuals into low (quintile 
1), intermediate (quintile 2– 4), or high (quintile 5) physi-
cal activity. For sensitivity analyses, we used a subjec-
tive measure of physical activity in metabolic equivalent 
of task (MET) hours/week (n = 241,842) based on the 
international physical activity questionnaire.

Assessment of handgrip strength

A Jamar J00105 hydraulic hand dynamometer was 
used to measure grip strength bilaterally in the sitting 
position. Participants were instructed to squeeze the 
device as hard as possible for 3 s. The highest value 
reached was recorded in whole kilogram force units. 
Due to the high correlation between absolute grip 
strength and body size, relative grip strength (which is 
adjusted for body size) has been deemed more suit-
able to reflect muscular fitness.[30– 32] Thus, we calcu-
lated relative grip strength as the average of the left 
and right hand (in kilograms) divided by whole- body fat- 
free mass (FFM) (in kilograms). For sensitivity analysis, 
we also calculated an alternative estimate of relative 
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grip strength defined as the average of the left and 
right hand (in kilograms) divided by body mass (in kilo-
grams).[33,34] We stratified individuals into low (quintile 
1), intermediate (quintile 2– 4), or high (quintile 5) grip 
strength based on sex- specific and age- specific sub-
sets, in line with previous work.[30]

Measures of adiposity

BMI was calculated as weight in kilograms divided by 
height in meters squared. We classified individuals as 
normal weight (BMI < 25 kg/m2), overweight (25 ≤ BMI 
< 30 kg/m2), or obese (BMI ≥ 30 kg/m2).

Statistical analyses

All analyses were conducted using R (version 3.5.1). 
We used linear regression models to confirm that the 
GRS, physical activity, grip strength, and BMI were as-
sociated with continuous ALT levels. Quantitative traits 
were rank- inverse normally transformed to approximate 
normal distribution with a mean of zero and SD of 1, and 
to facilitate comparison between effect sizes of differ-
ent measures. We then tested for interactions between 
the GRS and physical activity, grip strength, and BMI, 
using gene- environment interaction models with ALT 
levels as the outcome, with main effect terms for GRS 
and physical activity, grip strength, or BMI, and with an 
additional effect term for the interaction between GRS 
and physical activity, grip strength, or BMI, respectively. 
We reported the interaction effects and p values from 
analyses of continuous inverse normally transformed 
traits. We performed tests for interaction using continu-
ous variables to both increase power and prevent select-
ing quintiles of the underlying variable, thus influencing 
the results. Logistic regression was used to examine the 
combined associations of the GRSs, obesity, and physi-
cal activity or grip strength, with the odds of suspected 
NAFLD based on elevation in ALT levels. All analyses 
were adjusted for age, sex, region of the UK Biobank 
assessment center, and Townsend index reflecting so-
cioeconomic status. Analyses including the GRS were 
additionally adjusted for genotyping array and the first 10 
genome- wide principal components to correct for popu-
lation stratification.

We performed the following sensitivity analyses: 
(1) stratification by sex, (2) analyses with self- reported 
physical activity, and (3) grip strength divided by 
weight to confirm the direction of effect from analyses 
of accelerometer- assessed physical activity and grip 
strength scaled by FFM, respectively; as well as (4) 
analyses using the 15- SNP GRS that was computed 
based on loci that were externally validated to asso-
ciate with histologically or imaging- defined NAFLD 
status.[21]

RESULTS

Population characteristics

The baseline characteristics of the 242,524 UK Biobank 
participants and the 25,716 individuals with suspected 
NAFLD included in the presented analyses are pro-
vided in Table 1. The mean age of all participants was 
57.0 years (SD, 8.0 years), and 59% were women. 
Median ALT levels of all participants were 18 U/L in 
women and 23 U/L in men, with 11% of participants 
meeting ALT criteria for suspected NAFLD, as defined 
in the Methods section. Mean BMI was 27.4 kg/m² (SD, 
4.9), with 35% of all participants classified as having 
normal weight, 41% as overweight, and 24% as obese.

Observational associations of the GRS, 
physical activity, grip strength, and BMI 
with ALT levels

Higher GRS was associated with higher ALT levels 
([main effect of GRS] = 0.13 SD; p < 2 × 10−16; n = 
230,747). We also found that a higher BMI was associ-
ated with higher ALT levels (β [main effect of BMI] = 0.28 
SD; p < 2 × 10−16; n = 229,969), whereas higher physi-
cal activity and higher grip strength were associated with 
lower ALT levels (β [main effect of physical activity] = 
−0.071 SD; p < 2 × 10−16; n = 50,714; β [main effect of 
grip strength] = −0.09 SD; p < 2 × 10−16; n = 225,648, re-
spectively). In sensitivity analysis, we found that the as-
sociations among GRS, physical activity, grip strength, 
and BMI on ALT levels were similar in women and men 
(data not shown). We confirmed the inverse association 
between physical activity and grip strength on ALT levels 
for self- reported physical activity (MET hours/week) and 
grip strength scaled by weight (data not shown). When 
applying the 15- SNP GRS, the association between 
higher GRS and increased ALT did not change materi-
ally (Table S3).

Interactions of the GRS with physical 
activity, grip strength, and BMI on 
ALT levels

We found that the association of GRS with increased 
ALT was attenuated with increasing levels of physical 
activity ([GRS physical activity interaction] = −0.28 SD; 
p = 1.5 × 10−7; n = 50,714) and grip strength (β [GRS grip 
strength interaction] = −0.0067 SD; p = 0.00061; n = 
225,648; Figures 1 and 2). Conversely, the association 
between GRS and increased ALT was amplified as BMI 
increased ([GRS– BMI interaction] = 0.037 SD; p < 2 × 
10−16; n = 229,969; Figures 1 and 2). When stratify-
ing by gender, these interactions remained statistically 
significant (Figures S3A,B). Importantly, we confirmed 
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the magnitude and direction of the interaction effect for 
interactions between the GRS and self- reported physi-
cal activity measured as MET hours/week on ALT lev-
els, and between the GRS and grip strength scaled by 
weight on ALT levels (Figure S4). When applying the 
smaller 15- SNP GRS, the interactions between the 
GRS with physical activity, grip strength, and BMI on 
ALT levels did not change materially (Table S3).

We translated the observed effect sizes into clinically 
meaningful effects. For example, among women with high 
physical activity, median plasma ALT was 16 U/L in those 
with low GRS and 17 U/L in those with a high GRS (ab-
solute difference, 1 U/L; relative difference, 6%), whereas 
among women with low physical activity, the correspond-
ing values were 17 U/L for those with low GRS and 20 U/L 

for those with high GRS (absolute difference, 3 U/L; rela-
tive difference, 15%; Figure S3A and Table S4A). Similar 
observations in terms of absolute and relative differences 
were made among men, as well as for grip strength and 
adiposity (Figure S3A,B and Table S4A,B).

Combined associations of the GRS, 
physical activity, grip strength, and 
obesity with odds for suspected NAFLD

Individuals who ranked high for all three risk factors 
(obesity, high GRS, and low physical activity) had 
higher odds ratios (ORs) of suspected NAFLD com-
pared to individuals with normal weight, low GRS, and 

TA B L E  1  Baseline characteristics of the overall study population included in our analysis of the UK Biobank

Variable Overall study population (n = 242,524)
Individuals with suspected 
NAFLDb (n = 25,716)

Age (years) 57.0 ± 8.0 56 ± 7.7

Sex

Women (%) 143,976 (59.4) 15,051 (58.5)

ALT (n = 231,032a)

Women (U/L) 17.5 [13.9– 22.9] 30.0 [32.9– 46.2]

Male (U/L) 23.3 [18.1– 30.9] 49.1 [43.7– 55.1]

Overall (U/L) 19.6 [15.1, 26.4] 43.3 [35.8– 52.8]

Suspected NAFLDb (%) 25,716 (11.1)

GRS (n = 242,524a)

Low (Q1) 47,442 (20.0) 3,289 (12.8)

Intermediate (Q2– 4) 142,236 (60.0) 14,898 (57.9)

High (Q5) 48,505 (20.0) 7529 (29.3)

Mean ± SDc 50.9 ± 4.8 52.3 ± 4.9

Physical activity (n = 53,332a)

Low (Q1) 10,695 (20.1) 719 (14.0)

Intermediate (Q2– 4) 31,965 (59.9) 3035 (59.2)

High (Q5) 10,672 (20.0) 1373 (26.8)

Median [IQR] (mg units) 26.7 [21.8, 32.2] 25.0 [20.3, 30.1]

Muscular fitness (n = 200,350a)

Low (Q1) 47,442 (20.0) 3949 (15.8)

Intermediate (Q2– 4) 142,236 (60.0) 14,696 (58.6)

High (Q5) 10,672 (20.0) 6421 (25.6)

Median [IQR] 0.6 [0.5, 0.7] 0.5 [0.5, 0.6]

BMI (n = 241,688a)

Normal weight (<25 kg/m2) 83,487 (34.5) 3915 (15.4)

Overweight (25– 30 kg/m2) 100,069 (41.4) 10,236 (40.0)

Obese (>30 kg/m2) 58,132 (24.1) 11,418 (44.6)

Mean ± SD 27.4 ± 4.9 30.0 ± 5.3

Note: Data are presented as n (%), mean ± SD, or median [interquartile range [IQR)].
Abbreviations: mg, milligravity; NAFLD, nonalcoholic fatty liver disease; Q, quintile.
aNumber of individuals (from overall study population) with available trait information.
bIndividuals with suspected NAFLD were defined as >30 U/L in women and >40 U/L in men.
cNumber of ALT- increasing alleles for 68- SNP GRS.
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high physical activity (OR, 19.2; 95% confidence inter-
val [CI], 13.3– 28.4). Notably, among individuals with low 
GRS and high physical activity, obesity was strongly 
associated with higher odds of suspected NAFLD (OR, 
5.9; 95% CI, 3.5– 10.0) compared with individuals with 

normal weight in the same GRS and physical activity 
stratum (Table 2 and Figure S5). Individuals with high 
GRS, obesity, and low physical activity levels had a 12- 
fold higher estimated OR for NAFLD than those with 
high GRS who maintained normal body weight and 

F I G U R E  1  Plasma alanine aminotransferase (ALT) levels (in U/L) as a function of genetic risk score (GRS; number of ALT- increasing 
risk alleles) stratified by levels of physical activity, grip strength, and body weight status. The lines in the panels depict regression lines, 
and the light shading shows the 95% confidence intervals. The ALT- increasing effect of a higher GRS was attenuated by increasing levels 
of physical activity and grip strength, whereas it was amplified by increasing adiposity (all p values < 0.001). BMI, body mass index

F I G U R E  2  The observed interaction effects between the GRS and physical activity, grip strength, and adiposity translated into median 
ALT levels. The box plots depict medians and interquartile ranges, and the whiskers extend to the fifth and 95th percentiles of ALT levels (in 
U/L). The NAFLD- increasing effect of a higher GRS on ALT levels was attenuated by increasing levels of physical activity and grip strength, 
whereas it was amplified by increasing adiposity (all p values < 0.001). Sex- stratified plots are shown in Figure S3
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high physical activity levels (OR, 19.2 vs. 1.6, respec-
tively; Table 2 and Figure S5). The absolute prevalence 
of NAFLD in the reference group was 3% versus 35% 
in the high- GRS, obese, and low physical activity sub-
group. The joint effects of these risk factors followed 
a dose- response pattern across the BMI, GRS, and 
physical activity strata. Importantly, physical activ-
ity had an independent impact on suspected NAFLD 
within each weight category (Table 2 and Figure S5).

Individuals with obesity, high GRS, and low grip 
strength had higher odds of suspected NAFLD (OR, 
14.9; 95% CI, 12.5– 17.9) compared with individuals with 
normal weight with low GRS and high grip strength. Even 
among individuals with low GRS and high grip strength, 
obesity was strongly associated with higher odds for sus-
pected NAFLD (OR, 3.7; 95% CI, 2.8– 4.9) compared 
with individuals with normal weight in the same GRS and 
grip strength stratum (Table 3 and Figure S6). We also 
observed that individuals with high GRS, obesity, and low 
grip strength demonstrated an 8- fold higher estimated 
OR for NAFLD than those with high GRS who maintained 
normal body weight and high grip strength levels (OR, 
14.9 vs. 1.9, respectively; Table 3 and Figure S6). Overall, 
grip strength showed a weaker independent impact on 
suspected NAFLD compared with the joint associations 
observed for physical activity (Figure S5 vs. Figure S6).

DISCUSSION

In this cross- sectional study including up to 242,524 UK 
Biobank participants including 25,716 participants with 
suspected NAFLD and without evidence of co- existing 
excessive alcohol intake or other known causes of liver 
disease, we found that increased physical activity and 
muscular fitness moderately attenuate the genetic risk 

of suspected NAFLD, whereas adiposity characterized 
by higher BMI markedly amplifies the genetic risk of 
suspected NAFLD. The associations between physical 
activity and muscular fitness underscore the impor-
tance of weight management to prevent NAFLD.

The results from the joint associations further sug-
gest that the protective effects of physical activity on 
suspected NAFLD are most pronounced in intermediate 
to high GRS subgroups with obesity, illustrating a ben-
eficial effect of higher levels of physical activity by at-
tenuating the genetic risk for suspected NAFLD. These 
findings support the hypothesis that gene– lifestyle in-
teractions have a role in optimizing the management of 
NAFLD.[18,19] We translated the observed interactions 
into absolute and relative differences of median ALT 
levels and found a considerable increase in median 
ALT levels in individuals with high genetic risk and low 
physical activity compared with high physical activity 
levels. A protective effect of similar magnitude was 
observed for the interaction with muscular fitness. We 
also demonstrated that adiposity, as measured by BMI, 
amplifies genetic risk for NAFLD. This is in line with 
other studies that found that genetic variants predis-
posing to nonalcoholic and alcoholic fatty liver disease, 
have greater effects on liver fat as BMI increases.[15– 17] 
These findings are more pronounced versus analyses 
of gene– lifestyle interaction studies in other complex 
diseases, such as coronary artery disease, cardiovas-
cular disease, and type 2 diabetes, which suggest that 
a healthy lifestyle offsets genetic risk, but relative risk 
reductions are similar among those with low versus 
high genetic risk.[35– 37]

Collectively, our study suggests that individuals at 
elevated genetic risk of NAFLD might be able to offset 
this risk by maintaining normal body weight, but also 
by increasing physical activity independently of body 

TA B L E  2  Combined associations of GRS, physical activity, and BMI with odds of suspected NAFLD

GRS categories stratified by 
BMI

Physical activity categories

High Intermediate Low

OR (95% CI) Ncases (%) OR (95% CI) Ncases (%) OR (95% CI) Ncases (%)

Low GRS Normal weight 1.0 (Reference) 35 (3.0) 1.1 (0.7– 1.7) 76 (3.2) 1.8 (1.0– 3.0) 24 (4.9)

Overweight 1.9 (1.2– 3.1) 36 (5.5) 2.6 (1.8– 3.8) 175 (6.8) 2.3 (1.5– 3.7) 47 (6.1)

Obese 5.9 (3.5– 10.0) 28 (15.5) 4.7 (3.2– 6.9) 136 (12.0) 4.9 (3.3– 7.5) 85 (12.1)

Intermediate 
GRS

Normal weight 1.6 (1.1– 2.4) 164 (4.7) 1.7 (1.2– 2.5) 355 (4.8) 2.0 (1.4– 3.0) 86 (5.4)

Overweight 3.1 (2.1– 4.5) 173 (8.4) 3.7 (2.7– 5.4) 735 (9.6) 4.4 (3.1– 6.5) 274 (10.9)

Obese 6.8 (4.6– 10.3) 91 (17.3) 8.8 (6.3– 12.7) 680 (20.5) 9.8 (7.0– 14.2) 427 (21.5)

High GRS Normal weight 1.6 (1.0– 2.4) 52 (4.5) 2.2 (1.6– 3.3) 149 (6.1) 3.1 (2.0– 5.0) 44 (8.2)

Overweight 5.3 (3.6– 8.0) 92 (13.5) 6.5 (4.6– 9.4) 388 (15.6) 8.1 (5.6– 12.0) 162 (18.0)

Obese 11.5 (7.2– 18.5) 47 (26.1) 15.9 (11.3– 23.2) 337 (31.6) 19.2 (13.3– 28.4) 216 (35.1)

Note: Analyses were adjusted by sex, age, socioeconomic status, assessment center, genotyping array, and the first 10 principal components.
Abbreviations: OR (95% CI), odds ratio and 95% confidence interval; Ncases (%), number and percent of cases in each of the subgroups defined by 68– single 
nucleotide polymorphism (SNP) GRS, BMI, and physical activity categories.
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weight. Individuals at high genetic risk who were phys-
ically inactive and obese had 12- fold higher OR for 
suspected NAFLD than those who maintained normal 
body weight and high physical activity levels (trans-
lating to a prevalence of about 5% vs. 35% in these 
subgroups). The independent impact of muscular fit-
ness was weaker. Nevertheless, we observed an 8- 
fold increase in the odds for suspected NAFLD due to 
combined effects of low grip strength in the setting of 
obesity among those who were genetically susceptible 
to NAFLD. A recent randomized weight loss trial inves-
tigated the effect of exercise, liraglutide, and both treat-
ments combined for healthy weight- loss maintenance 
and found that the combined strategy of pharmacother-
apy and exercise reduced body weight and body- fat 
percentage approximately twice as much as the single- 
treatment strategies.[38] Importantly, the combined 
strategy was associated with additional health benefits, 
such as improvements in insulin sensitivity, cardiore-
spiratory fitness, and physical functioning.[38] Thus, in-
terventions to promote weight loss, including lifestyle, 
pharmacotherapy, weight- loss surgery, and possibly 
a combination thereof, might have increased efficacy 
among individuals at high genetic risk of NAFLD.[15,17] 
An important question to address in future studies is 
whether a GRS individually and/or compounded with 
lifestyle factors can add prognostic value and play a 
role in precision management of NAFLD.

Strengths of the present study include the large 
number of individuals with genetic and objectively as-
sessed physical activity and grip strength, collected as 
part of the UK Biobank, in which the same protocol was 
used for all participants.[39] Applying a GRS based on a 
larger, more comprehensive set of NAFLD associated 
genetic variants may have a greater statistical power 
to detect gene– lifestyle interactions[39– 41] compared 
with single SNPs and smaller GRSs used in the previ-
ous studies.[15– 17] We used external weights, the gold 

standard, for the construction of the GRS[42] by comput-
ing the weighted GRS based on weights for each ge-
netic marker as derived by GWAS in the Million Veteran 
Program.[21] This limits potential bias from overestimat-
ing the true genetic effect size as a consequence of the 
winner’s curse.[43] In sensitivity analysis, we validated 
our observation of gene– lifestyle interactions in NAFLD 
by applying a smaller 15- SNP GRS, restricted to loci 
that were validated to associate with external histo-
logically and/or radiologically defined NAFLD status[21] 
and found that the results were materially the same as 
compared with applying the larger 68- SNP GRS. This 
can be explained by the large correlation between the 
15- SNP GRS and the 68- SNP GRS. Furthermore, we 
speculate that the 15 loci that were externally validated 
to associate with NAFLD status are more specific to 
NAFLD, while some of the remaining 53 SNPs that 
were included in the 68- SNP GRS (but not in the 15- 
SNP GRS) may be involved more directly in ALT biol-
ogy rather than NAFLD. Importantly, to avoid spurious 
interactions between the GRS and adiposity due to 
gene- environment dependence, we excluded known 
BMI- associated loci when constructing the NAFLD 
GRS.[44] Additionally, we used relative grip strength to 
diminish confounding by body size and better reflect 
muscular fitness.[30– 32]

As a limitation, we used ALT levels as a surrogate 
measure of NAFLD, and our findings warrant replica-
tion in a large data set with accurate assessment of 
NAFLD. Although liver biopsy and magnetic resonance 
imaging are the gold standards for diagnosing NAFLD, 
these invasive and expensive technologies are not yet 
feasible for population- based identification of NAFLD in 
clinical practice and research.[20] To mitigate this limita-
tion, we excluded individuals with co- existing excessive 
alcohol use and other known causes of liver diseases 
that could lead to elevated ALT levels, making our find-
ings more specific to NAFLD. We defined suspected 

TA B L E  3  Combined associations of GRS, muscular fitness, and BMI with odds of suspected NAFLD

GRS categories stratified by 
BMI

Grip strength categories

High Intermediate Low

OR (95% CI) Ncases (%) OR (95% CI) Ncases (%) OR (95% CI) Ncases (%)

Low GRS Normal weight 1.0 (Reference) 148 (3.3) 1.1 (0.9– 1.3) 326 (3.5) 1.3 (0.9– 1.7) 73 (4.0)

Overweight 2.2 (1.8– 2.7) 251 (6.9) 2.2 (1.8– 2.6) 775 (6.6) 2.4 (2.0– 3.0) 248 (7.3)

Obese 3.7 (2.8– 4.9) 93 (11.1) 4.2 (3.5– 5.1) 772 (12.3) 4.7 (3.9– 5.7) 516 (13.4)

Intermediate 
GRS

Normal weight 1.5 (1.3– 1.8) 667 (4.9) 1.5 (1.3– 1.8) 1328 (4.8) 1.7 (1.4– 2.1) 301 (5.3)

Overweight 3.5 (3.0– 4.2) 1136 (10.5) 3.4 (2.9– 4.1) 3571 (10.1) 3.6 (3.0– 4.3) 1052 (10.5)

Obese 7.0 (5.8– 8.5) 491 (19.0) 7.5 (6.4– 8.9) 3682 (19.8) 7.8 (6.6– 9.3) 2296 (20.4)

High GRS Normal weight 1.9 (1.5– 2.3) 289 (6.1) 2.0 (1.7– 2.5) 585 (6.4) 2.2 (1.7– 2.8) 128 (6.9)

Overweight 5.8 (4.8– 7.0) 584 (16.1) 5.6 (4.7– 6.7) 1818 (15.5) 6.7 (5.6– 8.1) 612 (17.8)

Obese 14.3 (11.5– 17.7) 288 (32.2) 13.3 (11.2– 15.8) 1833 (30.4) 14.9 (12.5– 17.9) 1191 (32.9)

Note: Analyses were adjusted by sex, age, socioeconomic status, assessment center, genotyping array, and the first 10 genetic principal components.
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NAFLD based on cutoffs used in recent studies, includ-
ing the Million Veteran Program GWAS from which our 
GRS was derived. However, other studies have sug-
gested an upper limit of 19 U/L and 30 U/L for ALT in 
women and men, respectively.[45] Participants of the UK 
Biobank are generally healthier compared with the gen-
eral population,[46] and the “healthy volunteer” bias may 
explain the low prevalence of 11% of suspected NAFLD 
in our study. Another limitation is that analyses were 
performed in a population of European genetic ances-
try and cannot be generalized to other ancestry groups. 
As with secondary database analysis, there are limita-
tions such as risk of classification bias with ICD codes 
and missing data, although this may be partly overcome 
by the very large sample size. Furthermore, alcohol in-
take was estimated based on self- reported information. 
We applied a cross- sectional study design, and future 
studies using a longitudinal study design or formal 
Mendelian randomization analyses will be needed to 
address causality. Moreover, we did not have data on 
total skeletal muscle mass or fat- to- muscle ratio, which 
would better characterize body composition compared 
with BMI (i.e., a person of athletic build may have a high 
amount of skeletal muscle mass, leading to a BMI in the 
overweight or obese category). It has been shown that 
intense muscular training (i.e., weightlifting) increases 
liver enzyme levels, including ALT levels, up to 7 days 
after the bout of exercise.[47,48] Although this could intro-
duce bias if a participant was engaged in strenuous ex-
ercise training shortly before the baseline visit and ALT 
assessment, we believe that risk of bias is small, as we 
focused on daily physical activity levels and overall grip 
strength as part of our study, as compared with acute 
exercise training. Moreover, we demonstrated in the 
present study that higher physical activity and higher 
grip strength were associated with lower ALT levels. 
Recent studies support the idea that NAFLD is a part of 
a broader multisystem disease that also includes other 
cardiometabolic conditions such as obesity, type 2 di-
abetes, high blood pressure, and high cholesterol.[49] 
Classifying individuals into suspected NAFLD with or 
without other cardiometabolic conditions in future stud-
ies may provide new opportunities for gaining insight 
into gene– lifestyle interactions.

In conclusion, in this cross- sectional study, physical 
activity and muscular fitness attenuated, while adipos-
ity amplified, genetic risk for elevated ALT levels. We 
demonstrated that the effect of obesity on suspected 
NAFLD risk is dominant over genetic risk, physical ac-
tivity, and muscular fitness. Taken together, our find-
ings support current health guidelines and indicate that 
lifestyle guidance to increase physical activity, mus-
cular fitness, and evidently maintain a normal weight 
should be universally recommended for the prevention 
of NAFLD, especially for individuals with a high genetic 
predisposition.
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